Two experiments were conducted to determine the responsiveness of salivary and plasma cortisol to acute (i.v.), depot (i.m.) and chronic (repeated i.m.) adrenocorticotropin (ACTH) administration in swine. In Experiment I, barrows (castrated pigs) were assigned to one of three injection treatments: (1) saline i.m.(SHAMl, n=2); (2) 0.75 IU/kg BW ACTH in saline i.v. (ACUTE, n=2); (3) 2.25 IU/kg BW ACTH in gel i.m. (DEPOT, n=3). Total cortisol concentrations were determined for concurrent saliva and blood samples. Correlations between salivary and plasma cortisol within treatments were: SHAMl, r = 0.60; ACUTE, r=0.58; DEPOT, r=0.79. In Experiment 2, barrows were assigned to one of two injection treatments: (1) gel i.m. (SHAM2, n=3); (2) 2.25 IU/kg BW ACTH in gel i.m.(CHRONIC, n = 4). The injections occurred every 6 h for a total of eight injections. Concurrent saliva and blood samples were obtained every 3 h for 72 h followed by an increasing sampling interval until day 6. Overall correlations between salivary and plasma cortisol were: SHAM2, r = 0.30 and CHRONIC, r=0.61. Experiment 1 found that the relationship between salivary and plasma cortisol was stronger during longer (DEPOT) than shorter (ACUTE) ACTH stimulation. Experiment 2 found a strong relationship between the two measurements during chronic ACTH stimulation, but that relationship weakened after ACTH stimulation ceased.
tions has become a popular tool for measuring this response. Although plasma cortisol concentrations have been measured in swine by venepuncture (e.g. Benson et al. 1986 , Friend et al. 1988 , Brown-Borg et aI. 1993 , the lack of superficial blood vessels in this species usually requires that the extremely invasive method of surgical implantation of cannulas be used in order to obtain repeated Correspondence to: Ted Friend PhD blood samplings. The collection of saliva, if obtained in a manner which does not require forcing or restraining the animal, could circumvent the problems arising from the lack of superficial blood vessels in swine and facilitate the obtaining of cortisol measurements in swine welfare studies.
The use of saliva for determining circulating concentrations of cortisol has been reported for various species including guineapigs (Fenske 19961, elephants (Danthe et al. 1992) , goats (Greenwood 1992) , sheep (Fell et al. 1985 , Fell &. Shutt 1986bl, calves (Fell et aI. 1986 , Fell &. Shutt 1986a , horses (Lebelt et al. 1996) , dogs (Vincent &. Michell 1992 , Beerda et al. 1996 , and humans (Walker et al. 1978 , Vining et al. 1983a ,b, Accepted 22 October 1999 Tunn et a1. 1992, Bonnin et a1. 1993) . In the studies where salivary cortisol was compared to blood cortisol, a strong correlation was found between salivary and blood cortisol, with salivary cortisol being at lower concentrations than blood cortisol and usually following the same time course as blood cortisol (in humans, Tunn et a1. 1992 , Bonnin et al. 1993 goats, Greenwood & Shutt 1992; dogs, Vincent & Michell 1992 , Beerda et a1. 1996 . In swine, eight studies (Parrott & Mission 1989 , Mendl et a1. 1992 , Mendl et a1. 1993 , Zanella & Unshelm 1994 , Ekkel et a1. 1995 , Bradshaw et a1. 1996 , Ekkel et a1. 1996 only saliva when . measuring cortisol and did not compare salivary to plasma cortisoL Of the three studies (Blackshaw & Blackshaw 1989 , Parrott et al. 1989 , Cook et a1. 1996 that actually compared total cortisol concentrations in pig saliva and blood, one study (Blackshaw & Blackshaw 1989) found that salivary cortisol was poorly correlated with plasma cortisol, and the researchers concluded that the measurement of salivary cortisol was of limited value. In contrast, Cook et al. (1996) found a significant correlation between the total cortisol concentrations in pig saliva and serum, and both Cook et a1. (1996) and Parrott et a1.
(19891 concluded that salivary cortisol was useful in assessing adrenal response. However, the Cook et a1. (1996) and Parrott et a1.
(19891 studies found the percentage increase in salivary cortisol to be less than that for plasma cortisol, which is in direct opposition to the results found in other species. The aim of this research was to further characterize the relationship between salivary and plasma cortisol during acute and longer duration increases in cortisol release and during chronic ACTH stimulation. This should more clearly determine the validity of using saliva as a less invasive method for obtaining repeated cortisol response measurements in the pig. Our approach was to compare the total cortisol concentrations in matched saliva and blood samples obtained:
(1) after a single injection of ACTH given either i.v. in a saline solution (ACUTE) or i.m. in a gel (DEPOT), Experiment 1; and (2) after repeated DEPOT injections of ACTH over a 42 h period (CHRONIC), Experiment 2.
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Materials and methods
Animals, housing, handling, and experimental treatments All animal housing, handling, experimental treatments and surgical procedures were approved by the Texas A&M University Institutional Agricultural Animal Care and Use Committee ..
Experiment 1
Hampshire x Duroc x Landrace x Yorkshire barrows (castrated pigs) averaging 11 weeks old and 25 ± 1.9 kg were used. The barrows were maintained in individual 1.2 x 1.2 m pens for 2 weeks prior to this study in order to adjust them to the housing. Individual housing was necessary to protect the bloodcannula apparatus, but the subjects had at least visual and auditory contact with each other. All subjects were fed twice daily at 07:30 and 18:00 h at 5% BW per day (approximately ad libitum) and were very accustomed to being handled by people.
Cannula surgery, following the procedure of Yen and Killefer (1987) , was performed 12 days prior to this experiment. Each pig's cannula was flushed twice daily with a solution of 200 IU heparin (Heparin Lithium Salt from porcine intestinal mucosa, Sigma Chemical Co., St Louis, MO, USA) and 1000 units of penicillin with 1 mg streptomycin (Penicillin: 10 000 units/Streptomycin 10 mg, Sigma Chemical Co., St Louis, MO, USA) in 0.9% saline. Even though eight barrows underwent cannula surgery, one animal's cannula was inadvertently pulled free of the jugular, leaving seven animals for these experiments.
As temperament may affect an animal's HPA response to stimuli, and therefore to exogenous ACTH, the temperament of each barrow was determined by how cooperative each was during habituation and handling. The subjects were then blocked by temperament and assigned to one of three injection treatments: (1) physiologically normal saline injected i.m. (SHAMl, n = 21; (2) 0.75 IU/kg BW ACTH (Porcine, Sigma Chemical Co., St Louis, MO, USA) in physiologically normal (0.9%) saline solution injected i.v. via the cannula (ACUTE, n=2); (3) 2.25 IU/kg BW ACTH in gel (Phoenix Co., St Joseph, MO, USA) injected i.m. (DEPOT, n =3). The ACTH in saline consisted of 5 IU of ACTH per millilitre saline and was considered to be of acute duration because of the immediate release of ACTH into the animal's blood. The ACTH in gel consisted of 40 IU of ACTH per milliliter of 15% gelatin and 0.5% phenol in water and was considered to be a longer duration or depot because of the delayed release of the gel.
Two base blood and saliva samples were obtained concurrently at -0.33 hand 0 h prior to the treatment injections given at 07:30 h. The animals were then fed so that their normal feeding routine was not disrupted. Samples were then obtained at 0.33, 0.66, I, 1.5,2,3,5, 7, 10, 14,24,31,38, and 48 h post-injection.
Experiment 2
Hampshire x Duroc x Landrace x Yorkshire barrows averaging 10 weeks of age and 20 ± 1.7 kg were used. The barrows were maintained in the same housing conditions as Experiment 1 for 4 weeks prior to the study to adjust to the housing. All subjects· were treated similarly to the subjects in Experiment 1 except Experiment 2 barrows were fed twice daily at 06:00 and 18:00h at 5% BW per day (approximately ad libitum', and they experienced habituation and handling from age 2-10 weeks.
Cannula surgery was performed as in Experiment I, 17 days prior to this experiment. Although eight barrows underwent cannula surgery (as in Experiment 1), one barrow's cannula was inadvertently pulled free of the jugular, leaving seven pigs for this experiment.
As in Experiment I, the barrows were blocked by temperament, and assigned to one of two injection treatments: (1)an equivalent volume of the carrier gel (without the ACTH) injected Lm. (SHAM2, n =3); or (2)repeated depot i.m. injections of 2.25 IU/kg BWACTH in gel injected i.m. (CHRONIC, n = 4). The ACTH in gel was similar to Experiment 1.
Two base blood and saliva samples were obtained concurrently at -0.33 and 0 h prior to the first injection at 09:00 h. For both 173 treatment groups, subsequent injections occurred every 6 h for a total of eight injections. Because the results of Experiment 1 indicated that cortisol concentrations would remain elevated for at least 7 h following a depot injection of ACTH, an injection interval of 6 h was chosen. Following the 09:00 h sample on day I, blood and saliva samples . were drawn concurrently every 3 h for 72 h, and then at 09:00, 15:00, and 21:00 h on day 4 and day 5 with a final sample at 09:00 h on day 6.
Plasma collection and cortisol assay
In both Experiments 1 and 2, 5 ml blood samples were drawn into plastic syringes containing 70 IU heparin in 0.1 ml of saline. The blood samples were transferred to a glass test tube, capped and placed in an ice bath until being centrifuged for 20 min at 2500 x g at 0°to 5°C within 3 h of sampling, and the plasma was frozen until assayed for cortisol.
Total plasma cortisol concentrations were measured using an antibody-coated-tube RIA kit (Diagnostic Products Corporation, Los Angeles, CA, USA) which determined the total cortisol concentration. This kit was validated by this laboratory, and plasma samples were assayed in duplicate. Intra-assay coefficient of variation (CY)ranged from 3.6 to 11.5% and the inter-assay CY was 14.9%.
Saliva collection and cortisol assay
For both Experiments 1 and 2, saliva was collected using 1 to 2 cotton balls enclosed in nylon netting. The nylon netting was sewn around the cotton balls with braided nylon twine so that approximately 50 cm of twine extended to either side of the area where the net was tied shut. The twine extensions allowed placement of the netted cotton balls in the pig's mouth and provided researchers with the ability to maintain placement during saliva collection.
The pig was allowed to chew on the cotton balls during the time the blood was being obtained, which was approximately 1 min or less. The saliva-wet cotton and nylon were centrifuged and the saliva was then frozen at -25°C until assayed for cortisol concentrations.
Total cortisol concentration of the saliva was determined on duplicate samples using the same antibody-coated-tube RIA kit used for the measurement of total cortisol concentration in the plasma. This kit was validated by this laboratory with recovery rates of 93.9% and 97.9% for 1 ng/ml and 10 ng/ml respectively of hydrocortisone-(Hydrocortisone, Sigma Chemical Co., St Louis, MO, USA) spiked saliva. The RIA kit protocol was modified to extend the assay sensitivity to 0.5 ng/ml (92.9% of maximum binding) by increasing the sample volume from 25 III to 200 Ill. The intra-assay CVs ranged from 3.5% to 16.3% and the interassay CV was 11.7%.
Data analysis
In order to reduce the effect of variation in pre-injection samples, the average of the two base samples ( -0.33 and 0 h) for salivary and plasma cortisol was used as the base concentration in all the data analyses.
Experiment 1
Each subject's responses to the treatments were quantified by integrating each animal's salivary and plasma cortisol concentrations using the following commonly-used equation in which the pre-treatment (basel concentrations were subtracted from each post treatment data point (e.g. Bowers et a1. 1993) :
where C is the total cortisol concentration (nanogramjmillilitre) for sample s or sample s + I, starting with s = 2, and h is the time interval (hours) between samples s and sample s + 1. The integration was ended when the response reached base concentrations. The time interval for the return to base concentration was determined by interpolation using the time of the actual plasma or salivary samples that bracketed that concentration. Treatment differences for salivary and plasma IRs were determined by the general linear model (GLM) procedure (SAS 19891using a completely randomized model with treatment as the main factor. When treatment differences were found, the procedure (SAS 1989) Laboratory Animals (2000) 34 Bushong, Friend & Knabe was used to determine the probability of one treatment's IR being different from another treatment's IR for all combinations.
The Pearson procedure (SAS 1989 ) was used to determine the correlations overall and within treatments between salivary and plasma cortisol concentrations.
Experiment 2
Visual evaluation of salivary and plasma cortisol concentrations over the 120.33 h of the second experiment revealed five different patterns of response (hereafter called periods).
To determine if there were indeed differences between the five periods, the GLM procedure (SAS 19891was performed using a split-plot model in which treatment and pig-nestedwithin-treatment were the main effects, and time and treatment-by-time were the splitplot effects. If period differences were found, the GLM procedure (SAS 19891with the splitplot model described above was applied to the data within a period to determine the differences and interactions that existed between the main effects within that period.
Results
The saliva collection device provided a simple and effective means for obtaining saliva .from the barrows. The twine extensions to either side of the netted cotton balls allowed continued placement of the device in the pig's mouth during the time of collection and all the barrows readily chewed on the device. However, informal observations indicated that those barrows receiving an ACTH injection salivated less than those barrows which received saline only, thus reducing the amount of saliva collected in the time allotted for certain samples. These reduced samples were diluted in order to obtain adequate quantities for use with'the RIA kit. The dilution procedure was validated.
Experiment 1
All three treatments elicited an initial increase in plasma and salivary cortisol ( Fig  1) . Plasma cortisol concentrations decreased the earliest in SHAMI barrows and remained elevated the longest in DEPOT barrows. When cortisol was quantified as an integrated response (IR) (Fig 1) 
Experiment 2
Although Experiment 1 indicated that salivary and plasma cortisol concentrations would remain elevated for 6 h after a single DEPOT injection, there was a marked Laboratory Animals (2000) 34 decrease in salivary and plasma cortisol between the 6 h injections (Fig 2) . Also, the peak plasma concentrations tended to decrease over the time during which the injections continued while salivary peak concentrations remained basically similar (Fig 2) . The daily pattern of plasma cortisol was also disrupted for 36 h (from 48 h to 84 h) following the last DEPOT injection peak for the CHRONIC barrows, after which DEPOT no longer differed from gel carrier (SHAM2).However, the salivary cortisol concentrations for CHRONIC returned to SHAM2 concentrations following the last ACTH injection peak and did not differ from the SHAM2 concentrations. Visual evaluation of plasma and salivary cortisol responses over the 120.33 h of the study revealed five different response patterns over the time course of the study (Fig2) . Each of the five response patterns (hereafter called periodsl encompassed 21 h, which began with the sample taken at 09:00 h on one day and ended with the 06:00 h sample on the next day. In Period 1, both CHRONIC salivary and plasma cortisol peak and trough concentrations remained elevated above SHAM2 concentrations. In Period 2, CHRONIC plasma cortisol trough concentrations dropped to or below SHAM2 concentrations and plasma peak concentrations continued in a decreasing trend while CHRONIC salivary peak concentrations remained similar to or above those for Period 1. In Period 3 (beginning with the sample taken 6 h after the last injection), CHRONIC salivary cortisol concentrations returned to SHAM2 salivary values while plasma cortisol concentrations dropped below and remained below SHAM2 plasma cortisol. In periods 4 and 5, CHRONIC plasma cortisol values returned to SHAM2 concentrations.
The GLM procedure supported the division of the 120.33 h of data into periods with a treatment-by-time interaction for the periods for both salivary (P=O.OOOI) and plasma (P = 0.0001) cortisol. Although no differences existed between the periods for either salivary or plasma cortisol concentrations for the SHAM2 treatment, a treatment-by-time interaction was found for the CHRONIC treatment. For the CHRONIC barrows, no differences existed between Periods 4 and 5 for either salivary (P = 0.54) or plasma (P = 0.086) cortisol concentrations; therefore, Periods 4 and 5 were collapsed into one Period 4. All further analyses were on these 4 177 periods: three 21 h periods and one 48 h period. Treatment differences (Fig 2) for both salivary and plasma cortisol were found to occur during Periods 1 and 2, but only plasma cortisol tended (P=0.078) to show treatment differences in Period 3. Also of interest is that there was no difference between Periods 1 and 2 in the salivary cortisol concentrations for the CHRONIC barrows, whereas a difference did exist between the same periods for the plasma cortisol concentrations in the same animals.
Correlations between salivary and plasma cortisol concentrations for the entire study (Table 1) were lower than those for Experiment 1. The pattern of correlations across individual time periods was complex with Period 2 correlations appearing higher than those for Period 1 for both treatments and within each treatment. Also, cortisol concentrations for Periods 1 and 2 had strong correlations across both treatments and within each, whereas Periods 3 and 4 correlations were low and not significant.
Discussion
Although a relatively low number of subjects were used for each treatment group, the results of this study are of value. Both Experiments 1 and 2 found that salivary cortisol concentrations responded to exogenous ACTH stimulation in barrows, but the duration of ACTH stimulation may differentially affect the cortisol concentration in saliva and plasma. A strong relationship was found between salivary and plasma cortisol for DEPOT, and a moderate correlation existed between these two measures even for ACUTE and SHAMI in Experiment 1. In Experiment 2, the high correlations between salivary and plasma cortisol, and the fit of the regression equation for the salivary to plasma cortisol relationship evidenced the usefulness of salivary cortisol as a measure of plasma cortisol concentrations in swine.
These findings support the results of Cook et al. (1996) and Parrott et al. (1989) that salivary cortisol does respond to ACTH stimulation, and contradict data from Blackshaw and Blackshaw (1989) .However, in this study and the studies of Cook et al. (1996) Blackshaw and Blackshaw (19891, however, reported single blood and saliva samples obtained after restraint by rope, restraint by nose-rope, or exercise, and multiple samples from two sows collected over a 14-day period with no apparent stimulus to the sows. Also Blackshaw and Blackshaw (1989) used an aspiration tube connected to a vacuum pump to collect saliva, and stated that the rate of saliva secretion was low and the collection of adequate saliva samples took approximately 5 min. In this study, saliva was collected using a cotton swab that was chewed by the subjects, all saliva samples were obtained concurrent with blood sampling and both samples took 1 min or less to obtain. Both Cook et al. (1996) and Parrott et aI. (1989) also used cotton swabs chewed by the subjects to obtain saliva samples and reported either less than 2 min or about 30 s, respectively, for sampling to occur. It is possible that the time lag which may have occurred between the saliva and blood samples taken in the Blackshaw and Blackshaw (1989) study influenced their finding that salivary cortisol was poorly correlated with plasma cortisol in pigs. There is also the possibility that a single Laboratory Animals (2000) 34 sample of each type from a subject is not enough data on which to base a correlation. Another finding of interest was the marked differences in duration of the elevated cortisol in plasma and saliva in the two ACTH treatments in Experiment 1 (Fig 1) . For ACUTE stimulation, plasma cortisol concentrations returned to base concentrations by 2.16 h post-injection while salivary cortisol remained above base until 6.27 h postinjection. DEPOT stimulation resulted in plasma cortisol remaining above base until 9.35 h post-injection, and in salivary cortisol returning to base by 11.18 h. In addition, the plasma IR was larger for the DEPOT than the ACUTE whereas the salivary IRs for these two treatments did not differ significantly.
Although the CHRONIC peak plasma cortisol concentrations decreased over the time course of the ACTH injections in Experiment 2, salivary cortisol peaks remained mostly similar. These data along with that of Experiment 1 suggest that salivary cortisol is not a consistent percentage of total plasma cortisol concentrations. Salivary cortisol in the pig may be more directly influenced by unbound cortisol than by total plasma cortisol concentrations. Salivary cortisol has been found to be a reliable indicator of unbound plasma cortisol in sheep (Fell et al. 19851 ,and in humans there is an almost 1:1 relationship between salivary and unbound cortisol concentrations (Vining et al. 1983a , Walker et al. 1984 . Circulating concentrations of unbound cortisol are affected by changes in the binding capacity of blood, which may in turn be affected by stress and genotype, and vary with individuals (Barnett et al. 1981j Nyberg et al. 1988 ). The cortisol binding capacity of albumin, corticosteroid binding globulin, or both, may allow changes in the ratio of unbound to total plasma cortisol, so that, even though lower total plasma cortisol peaks occur, a greater percentage of that peak remains unbound. Thus, the unbound cortisol peaks (and therefore salivary cortisol peaks) could remain similarly elevated over the time course of the ACTH stimulation, while the total plasma cortisol peaks decrease. Homeostatically, this would have significance for the animal because the elevation of cortisol could be continued as ACTH stimulation continues, even though total cortisol secretion may decrease because of the inability of adrenal cortisol synthesis or ACTH receptor synthesis to keep up with the prolonged demand. This theory would also explain why total plasma cortisol appears to undergo a depletion phase and the diurnal rhythm is disrupted for 36 h after exogenous ACTH stimulation is ended, but salivary cortisol returns to SHAM2 concentrations and does not undergo a similar depletion or disruption (Fig 2) .
Thus, while salivary cortisol in pigs may not be reliable as a direct indicator of total cortisol concentrations in the blood when different durations of stimulation are applied, salivary cortisol may provide the means of evaluating changes in unbound plasma cortisol if the strong relationship between salivary and unbound cortisol found in other species is also true for pigs. Because unbound cortisol is the biologically active fraction of plasma cortisol (Ballard 1979 , Milgrom 1990 ), a more accurate image of effective HPA activity might be obtained through salivary cortisol measurements. Further studies are required that not only investigate the relationship between salivary cortisol and unbound plasma cortisol in the pig, but also examine the relationship between salivary 179 cortisol, unbound plasma cortisol, and bound plasma cortisol and how these different concentrations are affected by changes in the cortisol binding capacity of blood.
Of particular interest for investigation is that natural stimulation of the adrenal gland using snare restraint (Cook et al. 19961 resulted in salivary cortisol increases that were relatively greater than the plasma cortisol increases, whereas exogenous ACTH stimulation resulted in the opposite effect in two of the studies (Parrott et al. 1989 , Cook et al. 1996 ,but not in either of the experiments in this study. These findings may be a result of the high dosages of ACTH administered in those studies which stimulated maximal release of cortisol whereas lower dosages (current, Vining et al. 1983a , Walker et al. 1978 be .more representative of how a natural stressor (snare restraint, Cook et al. 1996) stimulates the adrenal gland.
